Peptidoglycan hydrolases are a group of enzymes which catalyze the turnover or degradation of peptidoglycan in bacteria. They include N-acetylglucosaminidases, N-acetylmuramidases, N-acetylmuramyl-L-alanine amidases (AMs), endopeptidases, and transglycosylases (for reviews, see references 1, 18, 22, 25, 26, and 34) . These enzymes degrade peptidoglycan saccules, resulting in cell lysis. Therefore, the activities of these enzymes should be strictly regulated. Various physiological functions of these enzymes have been proposed, including their roles in cell separation, wall growth, wall turnover, muropeptide recycling, sporulation, formation of flagella, and transformation (for reviews, see references 22, 25, 26, and 34) . Peptidoglycan hydrolases have also been implicated in autolysis induced by ␤-lactams or in bacterial pathogenesis (1, 2, (13) (14) (15) 19 ; for reviews, see references 22 and 26) .
Bacterial cell separation is a dynamic event in the cell cycle and requires cleavage of peptidoglycan connecting daughter cells. In many bacteria, correlation of a lack of peptidoglycan hydrolase(s) activity and a failure in cell separation has been reported (4, 5, 7, 8, 10, 11, 23, 26, 27, 31, 34, 35) . Recent studies have identified peptidoglycan hydrolases involved in cell separation in Listeria monocytogenes and in Lactococcus lactis (3, 36) .
We have previously described the identification of a 51-kDa endo-␤-N-acetylglucosaminidase (GL) and a 62-kDa AM as cluster-dispersing enzymes in culture fluid of Staphylococcus aureus FDA209P (30) . Molecular cloning of the gene has suggested that the 62-kDa AM and the 51-kDa GL are encoded tandemly in a single open reading frame (atl); the atl gene product (ATL) is a bifunctional protein that has an amidase domain and a glucos-aminidase domain and undergoes proteolytic processing to generate two extracellular peptidoglycan hydrolases, the 62-kDa AM and the 51-kDa GL (12, 20) . Antiimmunoglobulin G (IgG) generated against the purified 62-kDa AM or 51-kDa GL inhibited cell separation of S. aureus and induced cells to form giant cell clusters (30) . Mutants with little or no 62-kDa AM and 51-kDa GL activity grew in clusters (31) . These results suggest that the 62-kDa AM and the 51-kDa GL is involved in cell separation after cell division.
The cell surface localization of atl gene products was investigated by immunoelectron microscopy by using anti-62-kDa AM IgG or anti-51-kDa GL IgG. Protein A-gold particles reacting with the antigen-antibody complex were found to form a ring structure on the cell surface at the septal region for the next cell division site. Our results suggest that the ring structure formation of atl gene products is important for efficient partitioning of daughter cells after cell division.
MATERIALS AND METHODS

Organism.
A spontaneous protein A-deficient mutant of S. aureus (strain 2PF-18, derived from strain FDA209P [IID671]) was used (30) . Cells precultured in Trypto-soya broth (Nissui Pharmaceutical Co., Tokyo, Japan) were inoculated into 250 ml of the same fresh medium and incubated with continuous agitation in a rotary shaker for 4 h at 37ЊC to the mid-log phase.
Specificity of antibody. Anti-AM IgG and anti-GL IgG were prepared as previously described (29, 30) . Western blot (immunoblot) analysis of S. aureus cell surface proteins extracted with 3 M LiCl demonstrated that anti-AM IgG reacted with 138-kDa, 115-kDa, and 85-kDa proteins; 62-kDa AM; and 51-kDa GL. The higher-molecular-mass proteins were presumably the atl gene product and its processed intermediates, including ATL with its signal sequence cleaved (138 kDa) (unpublished data).
Preparation of protoplasts. Cells harvested by centrifugation were suspended in 6 ml of digestion buffer (30% raffinose in 0.05 M Tris [pH 7.5] with 0.145 M NaCl) containing 1 mg of lysostaphin (Sigma Chemical Co., St. Louis, Mo.), 100 g of DNase (Worthington Diagnostics, Freehold, N.J.), and 1 mM phenylmethylsulfonyl fluoride. The cell mixture was incubated for 15 min at 37ЊC with gentle shaking. The protoplasts were harvested by centrifugation at 1,000 ϫ g for 30 min. The pellet was resuspended in the digestion buffer.
Electron microscopy. Bacterial cells in the logarithmic phase were harvested and washed twice with Dulbecco's phosphate-buffered saline (PBS) and suspended in PBS. The localization of the atl gene products on the cell surface was examined by the protein A-gold labeling method (24) . An intact cell or protoplast cell suspension was mixed with either anti-AM IgG or anti-GL IgG and incubated at 37ЊC for 1 h. After being washed twice in PBS, the collected cells were processed for electron microscopy as described below. To prepare the samples for examination with a scanning electron microscope (SEM), the cells were incubated in the presence of a protein A-gold colloidal particle suspension (particle diameter, 20 nm; E-Y Laboratories, Inc.) at room temperature for 1 h. After several washings in PBS, a drop of the bacterial suspension was mounted on a glass coverslip and doubly fixed with 2.5% glutaraldehyde and 1% OsO 4 . For surface conductivity, the samples were stained with 1% tannic acid and coated with gold-palladium. After dehydration in an ethanol series, the samples were dried by the critical-point method and examined with a Hitachi S-570 SEM at 25 kV or a Hitachi S-4500 FE backscattered SEM at 10 kV. For transmission electron microscopy, the suspension of the bacteria reacted with the IgG was mixed with the protein A-colloidal gold particle (particle solution diameter, 5 nm; E-Y Laboratories). After two washings with PBS, the bacteria were collected into a pellet and doubly fixed with 2.5% glutaraldehyde and 1% OsO 4 . The samples were dehydrated in an ethanol series and then embedded in Spurr's Epon. Ultrathin sections were cut with an ultramicrotome with a diamond knife and examined in a JEOL JEM-2000 EXII electron microscope at 80 or 100 kV.
RESULTS
To determine the distribution of atl gene products on the cell surface, we used immunoelectron microscopy. Exponentially growing S. aureus 2PF-18 cells were incubated with anti-62-kDa AM IgG and then with colloidal gold-labeled protein A. The samples were processed for electron microscopy as described in Materials and Methods. Figure 1 shows representative micrographs of labeled specimens subjected to either scanning electron microscopy or backscattered electron microscopy. These pictures show that protein A-gold particles on the cell surface observed with backscattered electron microscopy were seen as protrusions with an SEM. The most striking feature was the organized arrangement of gold labels on the cell surfaces. The SEM pictures of the labeled cells through the cell division cycle are arranged in Fig. 2 . Figure 2a shows a double-ring-like label arrangement at a septal region of cells prior to cell division. When the cells began to divide, the double-ring labeling was split into two rings on adjacent daughter cells (Fig. 2b, arrowheads) . These were finally seen as mirror images at the marginal regions of two adjacent cells, as shown in Fig. 2c . It should be noted that there was no bulk labeling of the newly exposed cell surface with the gold particles. Figure 2d shows a cell with a ribbon-like label arrangement. Since ring a corresponds to ring c, it appears that these two rings represent labeling particles of a former ring structure resulting from a cell division, and ring b might be for the next cell separation. The labeling particles forming a single ring structure (ring b in Fig. 2d ) might eventually be split into two as the cell division cycle proceeds as shown in Fig. 2a . Similar results were obtained with an anti-51 kDa GL antibody. Control experiments using preimmune IgG and then the gold particles showed no immunolabeling (data not shown).
The surface localization of atl gene products was also studied with ultrathin sections of preembedded, immunolabeled S. aureus 2PF-18. Figure 3a shows cells that began to form a new septum. The labeling particles were localized at the site of the new septal wall. It should be noted that most gold particles on intact cells were not directly attached to the dense rim of the cell wall. It appeared that the gold particles were associated with the fibrous material extending from the cells, and the average distance of the gold particles from the dense rim was 20 to 50 nm. It was difficult to ascertain distinct colocalization of the fibrous material with the gold particles on the cell surface. An unexpected finding was the localization of labeling particles on the cell surface 70 to 90Њ from the septal plane. Figure 3b and c shows cells in the final stage of septum formation. Localized labeling particles were also seen at the septal site and 70 to 90Њ from the septal plane of the cell surface. After completion of septum formation, peripheral portions of the cell wall connecting daughter cells (Fig. 3c, arrows) became thinner than those in cells in which the segregation of chromosomal DNA had not been completed. When cell separation started, localized gold labeling particles were split into two halves on the adjacent cell surface (Fig. 3d) . It should be noted that labeling particles were not found on the newly exposed surface of daughter cells. The arrowhead (left) indicates that the gold particles were already present at the surface where the next septum started to form.
Our attempt to localize an antigen(s) reacting with anti-62-kDa AM IgG on ultrathin sections of postembedding immunolabeled S. aureus 2PF-18 was unsuccessful. We also tried to determine the distribution of the antigen(s) on the surface of 
DISCUSSION
The localized distribution of the gold label on SEM and transmission electron microscope pictures suggests a model for the role of atl gene products in cell separation (Fig. 5) . In this model, we propose that the atl gene products form a ring structure on the cell surface at a potential septal site where processing of the ATL protein presumably takes place. Following the completion of septum formation, mature forms of the 62-kDa AM and the 51-kDa GL start to digest the peripheral peptidoglycan connecting the daughter cells. Completion of cell wall digestion produces two daughter cells which have already started to align the atl gene products at a site where the new septum will form. This explains the ribbon-like distribution of atl gene products on the cell surface as examined with an SEM.
We have previously shown that the peptidoglycan fraction prepared by lysostaphin digestion of cells in hypertonic solution did not contain any sodium dodecyl sulfate-stable peptidoglycan hydrolases (28) . This suggests that the cell-associated peptidoglycan hydrolases are either tightly bound to the cell membrane or bound to a cellular component extending from the cell membrane. The localized distribution of the gold particles on the outer surface of protoplasts in this study supports this idea. Electron microscopic examination of ultrathin sections suggests that some atl gene products are associated with cellular components extending from the cell membrane. A potential candidate for the cellular components might be lipoteichoic acid, as suggested previously (9) . However, we do not have biochemical evidence that atl gene products are associated with lipoteichoic acid in situ.
There are at least two possible mechanisms for the specific localization of the atl gene products at the septal sites of the cell surface. One possibility is that the ATL protein is synthesized, translocated at the cell division site, and subsequently localized with an anchoring component. The other is that the ATL protein is secreted into the culture medium and readsorbed to an anchoring component via a ligand-receptor interaction. Preliminary results of a pulse-chase experiment using [ Bacteriolytic activities of the atl gene products, namely, the 62-kDa AM and 51-kDa GL localized on the cell surface, must be regulated, lest they be detrimental to cell viability. In this respect, the studies of Giesbrecht et al. on penicillin-treated S. aureus are of interests (13) (14) (15) . They have shown that penicillin treatment results in the formation of a few minute holes in the peripheral cell wall at the presumptive cell separation site in the absence of the assembly of a new cross wall. These results suggest that the cell wall defect results in penicillin-induced bacteriolysis. Autolysis-defective mutant RUSAL2 (atl::Tn551) does not lyse following methicillin treatment, suggesting that the atl gene products are autolysins involved in penicillininduced lysis (21) . We postulate that in penicillin-treated cells the bacteriolytic activities of atl gene products localized at specific sites become activated or unregulated. Accordingly, the active atl gene products degrade peptidoglycan in situ to create such punched holes.
Subcellular localization of peptidoglycan hydrolases by immunoelectron microscopy has been attempted by several groups. AM was shown to localize on the cell wall of Bacillus subtilis 168 (17) . Concentration of AM in the septa has also been suggested (17) . In Streptococcus pneumoniae, AM was shown to localize in the septal region by using whole-mounted cells, but attempts to localize the enzyme in ultrathin sections were unsuccessful (6) . On the other hand, soluble lytic transglycosylase of Escherichia coli has been shown to bind to the murein sacculus (33) . To our knowledge, this is the first report of site-specific localization of staphylococcal peptidoglycan hydrolases by scanning electron microscopy and transmission electron microscopy.
Henze et al. demonstrated that femA and femB mutants of S. aureus form pseudomulticellular cells, indicating that bacterial cell separation is impaired (16) . These mutations were shown to reduce the degree of cross-linking and the number of glycine residues in the interpeptide bridges of peptidoglycan. This suggests that glycylglycine endopeptidase(s) is also involved in cell separation. Our proposed model, together with previous studies, suggests that the atl gene products act at the last step of cell separation after completion of septum separation (30) (31) (32) . On the other hand, ultra thin section of a femB mutant revealed retarded septum separation, implying that glycylglycine endopeptidase(s) has a role in septum separation (16) . It is still an open question how many bacteriolytic enzymes are involved in S. aureus cell separation.
The ring structure of the atl gene products raises many interesting questions, such as the identity of the cell surface components which interact with the atl gene products, the nature of the signal for the specific localization of atl gene products at the septal sites, and the regulation of ATL protein activities. Further studies are required to achieve a better understanding of the biogenesis and functions of the atl gene products.
